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The study was conducted to determine the relationships
between a standard color and its visually chosen limits.
Commonly, limits or tolerances are communicated to printers
using an Allen Tolerance Chart. The Allen Chart, used ex
tensively by package printers, provides a standard of the
color to be reproduced along with corresponding light and
dark limits. A second form of tolerance chart, used by
printers of U. S. Department of Transportation hazardous
materials warning labels, provides limits for colors three
dimensionally. Both types of tolerance charts were used
in this study.
Three Department of Transportation tolerance charts were
measured spectrophotometrically producing a family of curves
for the red, green and blue tolerance charts. The curves
were then subjected to Eigenvector analysis to determine the
similarity among the tolerances for each color. The results
suggest the red and green family of curves are somewhat sim
ilar, but very different than the blue.
Five hundred five Allen Chart standard colors and their
light and dark limits were measured with a small spot color
imeter to determine the relationships between the standard
v-im
colors and their customer allowed limits. The samples were
also subdivided into those representing spot color printing
and those representing process color printing. The study
suggests the average allowable tolerance for light and dark
limits and spot and process color was approximately six
C. I . E. L*,a*,b* del t a "E" units. St at i s tically t he res u1 t s
indicate the light allowable tolerance is greater than the
dark tolerance and the process color tolerances are greater
than the spot, but for all practical purposes the differences
are not significant.
The delta "E" values were also subdivided into their com-
ponent parts to determine which attribute of color (i.e. hue,
chroma and lightness) made up the largest portion of the delta
"E". These results indicate, for the most part, the delta "E"
values are equally represented by hue, chroma, and lightness.




The graphic arts industry, as with most manufacturing
industries relies on product uniformity and quality to
maintain and enhance competitive standing within the
industry. To the printer, this means using the available
technology to help produce a quality uniform product at a
price lower or equivalent to the current market
expectations.
This idea is not unique or new to the graphic arts.
Indeed, it was Johann Gutenberg's plan to bring books to
more people, while maintaining the quality they had learned
to enjoy from the medieval scribes. The intentions of Henry
Ford and George Eastman were not unlike Gutenberg's: To
maintain the quality of a product, while lowering its cost,
so the majority of the population might enjoy it.
This idea today is one of the driving forces behind
graphic arts applied research. Some of the current products
of this research include, electrostatic assist in gravure
printing, alcohol dampening in lithographic printing and
LASER scanning in color separation. The current revolution
in color measurement and micro-electronics has also had its
impact on the graphic arts.
Another rather contemporary device to aid printing
product quality and uniformity control has been the devel
opment of color standards for process color, modified pro
cess color and spot color printing. These color tolerances,
epitomized by the so called Allen Chart provide a visual
"go,
no-go"
gauge for press, bindery and quality control
workers to use in evaluating the status of a color
reproduction.
Color tolerances are not unique to the printing
industry. They are used in the manufacture of sunglasses,
paints, textiles, and in traffic and railroad signals. The
United States Government provides color tolerances for
Department of Transportation warning labels and Occupational
Safety and Health Administration warning colors.
It is important to distinguish between color tolerances
and color variability. Color tolerances are the limits to
which the customer will allow the color to change, yet still
evoke the desired responses in the viewer of the color.
Customers allow the tolerances because they realize the
narrower the tolerances, the higher the manufacturing costs.
Dean B. Judd and Gunter Wyszecki, Color in Business
Science and Industry, Wiley Series in Pure and Applied
Optics, 3d ed. (New York: John Wiley and Sons, 1975), p. 343,
Color variability is the inherent change in uniformity
brought about by the manufacturing process, materials or
operators. In an optimum reproduction system the process
variability is within the customer allowed tolerances.
Color Tolerance Charts for Printing
Allen Charts
Color tolerances for printed matter are communicated to
printers through several means. Sometimes by CLE.
coordinates through contracts, by visual means and by simple
acceptance or rejection of the printed work. The most com
mon method has been the Allen Chart.
Generated empirically by the printer and customer, the
Allen Chart is usually represented on a tri-fold card, three
times the approximate size of the reproduction. The center
third of the card usually contains the target proof. The
left third usually contains the upper or light standard,
while the right third of the chart contains the dark or
heavy standard. Figure 1 is an example of a simple Allen
Chart. The press, bindery and quality control workers are
requested to keep the reproduction within the customer
allowed limits. The tolerance limits are theoretically
chosen by the customer when he is provided with an array of
^The confidentiality of this study would not allow the
reproduction of an actual Allen Chart, other than the simple




















light, dark and target proofs by the printer.
The packaging segment of the graphic arts is the
largest user of the Allen Charts. This is necessary because
of the high degree of product identification associated with
a particular color or design of a package. The proximity of
packages for the same product, but from different printing
production runs in store displays, is also a prime motiva
tion for the use of the Allen Chart in package printing.
Allen Charts are also used in the printing of comparison
cards for pH and various medical indicator solutions.
Department of Transportation Tolerance Charts
A second type of color tolerance chart is used by
printers of Department of Transportation (D.O.T.), Hazardous
Materials Warning Labels. Figure 2 is a photographic
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Figure 2. A Photographic Reproduction
of a D.O.T. Tolerance Chart
reproduction of a D.O.T. Tolerance chart. The D.O.T.
chart, more complicated than a typical Allen Chart,
theoretically provides limits for all three directions a
color may shift in color space (i.e Hue, Value, and
Chroma). The D.O.T. chart considers variations induced by
ink pigment, paper surface and color, and reproduction pro
cess.
Purpose of the Study
The purpose of the study of color tolerances is to de
termine the relationships between the standard color and its
customer allowed limits. More specifically the purpose is
to determine the quality of the relationships. With a large
sampling it should be possible to determine the amount of
allowed change for colors of similar hue, and calculate a
numerical value, which represents this amount of allowed
change.
If the quality of the relationships are high enough
(i.e. statistically significant) it will then be possible
to use the relationships to overcome some of the problems of
using the color tolerance charts. Some of these problems
include wear and weathering of the charts and the inability
to communicate the tolerances over great distances, short of
actually sending the charts. A method of numerically stor
ing and retrieving the tolerance limits could overcome the
aging and communication problems. Finally, the discovered
relationships can aid printers and customers in setting the
tolerances for new products.
Hypotheses
The purpose of the development and use of color
tolerance charts was to aid printers in meeting the quality
and uniformity demands placed on them by their customers.
The very nature of what is acceptable to a customer, and
what is not, is important to the printer. The amount of
acceptability also gives information about the
appropriateness of color tolerance charts as a control tool.
Several specific hypotheses can be considered when
undergoing a study of color tolerance charts. They include
the following:
1. A relationship does exist between a standard
color and its upper and lower limits, as chosen by
a printing customer;
2. It is possible, using the available color mea
surement techniques and instrumentation, to dis
cover this relationship;
3. A study of color tolerance charts can lend
information as to their usefulness and
appropriateness as a control tool.
REVIEW OF LITERATURE
Two separate articles about color variability provide
general guidence and information for a study of color
tolerances. The first is titled, "A Simplified Method of
Setting Variability Limits of a Three-Color
System"
was
written by Irving Pobboravsky. The second article was
written by Sylvia S.Y. Subt and Patricia F. Davis, and is
titled "Measurement of Color
Differences".2
While neither
article deals exactly with measurement of color tolerance
charts, their techniques and observations are important
enough for each to be discussed.
Pobboravsky'
s article concerning the variability limits
of a three-color system is very complete and leads to an
understanding of the method and extent of variability of
color in a printing process. Pobboravsky begins by
outlining the reasons for the printer to be aware of color
Technical Association of the Graphic Arts, Proceedings
of the Sixteenth Annual Meeting, (Rochester, New York:
Technical Association of the Graphic Arts, 1964), p. 1.
2
Technical Association of the Graphic Arts, Proceedings
of the Thirtieth Annual Meeting, (Rochester, New York:
Technical Association of the Graphic Arts, 1979), p. 176.
variability and how it can be used both against and for the
printer. One of the most important of these reasons is the
requirement by some printing customers to include tolerance
limits in their printing purchase contracts. The extent of
variability allowed by the customer is directly related to
the cost of manufacture of the printing products. The sec
ond major reason Pobboravsky uses for the printer to be
concerned with variability limits involves the printer's
attempts to control variability in terms of improvement of a
process and in product uniformity. Finally, the printer is
then able to judge the effects of attempts to reduce the
variability of a process.
The crux of Pobboravsky' s work deals with a method of
determining, plotting and evaluating the variability of a
three-color process. Pobboravsky uses three dimensional
ellipsoids to describe the extent and "structure" of the
variability of a three-color process. The ellipsoids are an
excellent characteristic of the variability of color in a
printing process because of the three dimensionality of
color. The ellipsoids predict the variability of a color
and describe it in terms of two sigma standard deviations of
CLE. color space.
Finally, Pobboravsky attempts to attach visual signif
icance to the ellipsoids by applying color difference
formulations. The appendix to the paper presents the method
of generation of the ellipsoids as well as information for
two colorant and one colorant variations of the technique.
10
Pobboravsky'
s paper provides an understanding of the
variability of color in a printing process. His work is
both a complete and important attempt to understand and
characterize the variability of color. The paper also
utilizes the necessary equipment and techniques to describe
the variability of color to the printer.
The second article of pertinence to a study of color
tolerances, titled "Measurement of Color
Differences,"
was
written by Subt and Davis. While the paper deals with the
tolerance limits of various colored and white papers, their
technique and conclusions are interesting.
Working with the United States Government Printing
Office (GPO), Subt and Davis observed the visual comparison
by quality control personnel of incoming colored paper
against a paper standard approved by the GPO. No extreme
upper and lower limits of the paper standard were provided
by the GPO. The quality control personnel themselves de
termined the deviation allowed. While the quality control
personnel were trained in color matching, Subt and Davis
desired to make instrumental measurements of the variation
allowed by the quality control personnel to determine color
difference relationships of the allowed variability.
Subt and Davis generated six color samples and three
white within the GPO and allowed the quality control
personnel to rate the samples against the standards using
demerits. The demerits ranged from 0 (perfect match) to 36
(unacceptable match). Subt and Davis then measured the
11
samples with an abridged spectrophotometer and applied the
FMC II color difference formula to the results.
Finally, Subt and Davis plotted the delta
"E"
values
against the quality control personnel rated demerits in
order to obtain a best fitting line of regression, and a
correlation coefficient. The correlation ranged from a low
of 0.54 for buff paper samples to a high of 0.94 for pink
paper samples.
The objective of the study was to obtain a correlation
between visual color perception differences and instrument
measured color differences utilizing the FMC II delta
"E"
values. Subt and Davis concluded no direct linear






attempts to compare the visual and
instrument color differences of paper samples are interest
ing and lend important information concerning the nature of
visual tolerances. Their use of statistics, color measure
ment techniques and instrumentation was both interesting and
informative concerning the nature of visual
allowed





In performing a study of color tolerances for
printing, the desire is to use actual Allen Color Tolerance
Charts, as used in industry, for several reasons. Using
actual live jobs and customer allowed acceptability limits
will lend more meaningful results to the study. It is also
possible to measure more charts, and have a wider sampling
of charts currently in use in the industry, then if charts
were generated for the study.
The tolerance charts were secured from several printing
company users of the charts, either on a loan basis or by
going into the plant to measure the charts.
Measurement of the charts was done colorimetrically
using a small spot colorimeter for each suitable color and
its tolerance limits. Suitable colors are defined as those
solid color areas large enough to be measured by the small
spot colorimeter (i.e. h inch diameter). The small spot
colorimeter was constructed using David L. McAdam's
narrowest color mixture functions in a
13
McBeth RD-100 densitometer as outlined by Milton L. Pearson
and John A.C. Yule in their 1970 Technical Association of
the Graphic Arts paper.
For each suitable set of colors, colorimetric density
values of red, green and blue are read from the small spot
colorimeter. The colorimetric density values are then con
verted to CLE. Tri-stimulus values. Next the
CLE. Tri-stimulus values are converted to CLE. L*,a*,b*
values and finally delta
"E"
values are calculated for the
standard versus light limit and the standard versus dark
limit. In addition the Hue Angle, CLE. coordinates and
chromaticity values will be calculated. It will then be
possible to sort the color tolerance sets by hue angle and
compare delta "E" values of tolerance sets of similar hue.
All of the above calculations will be performed with the aid
of computer programs and Rochester Institute of Technology's
Xerox Sigma- 9 computer.
Technical Association of the Graphic Arts, Proceedings
of the Twenty-First Annual Meeting, (Rochester, New York:
Technical Association of the Graphic Arts, 1970), p. 389.
2
See Appendix A for the actual equations used.
3For an explanation of CLE. coordinates, CLE. L*,a*b*,
Delta
"E,"
Hue Angle, and Chromaticity the reader is directed
to the references listed in the General Reference section of
the Bibliography.
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Department of Transportation Tolerance Chart Study
The complex nature of the Department of Transportation
(D.O.T.) color tolerance charts suggests a different method
of evaluation. The use of Eigenvector analysis provides a
method of comparing the similarity between the different
tolerance chart colors.
To evaluate the D.O.T. tolerance charts each
"chip"
is
measured specrophotometrically from 380 to 730 nanometers
using a Beckman DK-2a spectrophotometer. All thirteen
"chips" from each chart are measured and ordinates selected
every ten nanometers. A matrix of thirteen by thirty-six
(13 chips by 36 ordinates) is then constructed. This matrix
is then multiplied by its transpose to form a symmetric
matrix, as required for Eigenvector analysis.
Essentially what the Eigenvector analysis does is se
lect the one vector from the matrix which most accurately
represents the similarity of the vectors in the original
matrix, and a percent explainable is assigned to
this vec
tor. A second vector can then be selected to explain the
similarity in the remaining data.
This process can be
continued until 100 percent of the data in the original
matrix is explained. For example, consider five curves,
each similar but not exact. Five ordinates are selected
from each curve. This five by five matrix of data
See Chapter I, D.O.T. Tolerance chart section for an
explanation of the D.O.T. Tolerance chart, Figure 2 is a
photographic reproduction of a D.O.T. Tolerance chart.
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representing the five curves is multiplied by its transpose
and then subjected to Eigenvector analysis. The Eigenvector
analysis will then select the first vector and report that
it explains 85 percent of the data in the matrix. Essenti
ally this means: the curves are so similar, one curve
(vector) will represent all five with 85 percent confidence.
A second vector can then be selected which may explain an
additional 10 percent of the data. This means two curves
will represent all five curves with 95 percent confidence.
Vectors can be extracted until the desired percent
confidence is reached. Obviously, in a five by five matrix,
five Eigenvectors will explain 100 percent of the data.
In evaluating D.O.T. tolerance charts, Eigenvector
analysis is useful because it allows the comparison of the
similarity between the different color charts. For example:
the blue tolerance series chart may require three
Eigenvectors to explain 95 percent of the data, while the
green tolerance series chart may only require one
Eigenvector to explain 95 percent of the data.
The matrix transposition and multiplication was per
formed with the aid of library computer programs utilizin
Rochester Institute of Technology's Xerox Sigma-9 computer
5J.L. Simonds, "Application of Characteristic Vector Analy
sis to Photographic and Optical Response
Data,"
Journal of
the Optical Society of America 53 (August 1963): 1968.
international Business Machines Corporation, Scientific
Subroutine Package (White Plains, New York: International





Five package printing companies allowed their Allen Tol
erance Charts to be measured, either on a loan basis or by
allowing the small spot colorimeter to be taken into the plant
for Allen Chart measurement. Five hundred five colors were
deemed suitable for measurement and measured. Figure 3 is a
graphic representation of how the samples were ordered accord
ing to hue angle. Figure 4 shows how the samples fell accord
ing to chroma, and Figure 5 shows the samples by lightness
level. Figures 3, 4 and 5 utilize the CLE. L*,a*,b* color
space. Of the samples measured, 307 were printed by spot color
or tints of the spot color, while 198 were printed by overprint
or process color.
Appendix C contains the actual colorimetric density values
read for all 505 samples. Overprint color samples are desig
nated by an asterisk in Appendix C
The colorimetric density data was converted to CLE.
tristimulus information and then to CLE. L*,a*,b* informa
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Figure 5. Frequency Histogram by Lightness Level
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delta "E" values for the light versus standard tolerance and
the dark versus standard tolerance were calculated for all sam
ples. Colors of similar hue were determined by selecting all
standard colors which fell within a ten degree hue angle incre
ment. The delineation was begun at five degrees, so as not to
divide ideal colors, which fall on the axes of the CLE. L*,
a*,b* color space. Figure 3 shows this frequency histogram of
the samples by hue angle. Similarly the samples were divided
by chroma by increments of ten beginning at zero, this can be
seen in Figure 4 for chroma and Figure 5 for lightness.
After the delta "E" values were calculated, the delta
hue, delta chroma, and delta lightness were calculated to
help explain how the delta
"E"
values were represented by
their component parts. These three components of the delta
"E"
are particularly important, because they help explain
the three attributes of color; hue, chroma and lightness.
Also calculated was the delta
"E"
values and the
delta hue, chroma, and lightness for the spot color and
overprint color segments of the samples, to determine the
relationships between the spot and overprint color samples.
Figure 6a is a graphic representation of how all samples
rated according to delta
"E"
when divided by hue angle. Fig
ure 7a shows the delta
"E"
values for the samples when class
ified by lightness, and Figure 8a for the samples when class
ified by chroma.
Figures 6b, 7b and 8b represent only the spot color delta
"E"
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Figure 7a. All Samples, Delta
"E"
by Lightness
o= Mean a= Standard Deviation
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Figure 7b. Spot Color Samples, Delta
"E"
by Lightness
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color delta "E" values.
The components of the delta "E" (i.e. delta hue, delta
chroma and delta lightness) are presented graphically in
Appendix B. The information is first presented by hue angle
for all samples then hue angle for spot color samples, then
hue angle by overprint color. Next the samples by lightness
and chroma are presented, again first for all samples, then
for spot color samples and finally for overprint color samples,
Table 1 is a presentation of the delta "E", hue, chroma,
and lightness differences for all samples, light and dark,
and also for the spot and overprint color segments.
Experimental Error
Instruments such as the small spot colorimeter are cap
able of errors of two types. Errors in accuracy and errors
in precision. Errors in accuracy are the difference between
the actual colorimetric densities of a sample and those re
ported by the instrument. Errors in precision indicate how
repeatable the measurements are.
Accuracy is important in an instrument because it lends
credibility to the experiment and the measurements and allows
the results to be communicated and compared with other studies
and instruments. However, in terms of this study and the re
ported delta
"E"
values, the error in accuracy is not of prime
concern because the readings are made relative to the accuracy
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celled out by comparing readings made with the same instrument
at the same time.
Precision error is a measure of how repeatable the instru
ment and experimental technique are. In other words, the dif
ference between the readings of the same color patch taken at
different times. To determine the total precision error of
the instrument 75 of the measurements were replicated. Repli
cate measurements were made every 20 measurements, 20 measure
ments after the original measurement. After the replicate
measurement was made the calibration and zeroing of the in
strument was checked and adjusted if necessary.
To make the precision error more meaningful to the study
the delta "E's" between the original and its replicated measure
ments were calculated. The mean delta
"E"
between the original
measurement and its replicate was 1.208 delta
"E"
units, with a
standard deviation of 1.433. The confidence interval for the
mean is: P[0.885 < Mean < 1.534] = .95. Confidence interval
for the standard deviation is: P[ 1.265 < Standard Deviation
< 1.765] = .95.
The precision error estimate can be broken down into three
component parts; true precision error in the instrument, the
uniformity difference of the color chip as measured by non exact
placement of the reading probe between the original reading and
the replicate reading, and operator error in instrument meter
reading.
To estimate the error in color uniformity, ten readings
were made in different places on a National Bureau of Standards
31
(NBS) check plaque of a density similar to most of the samples.
The NBS check plaque is considered to be of standard uniformity.
Also measured were sixteen Allen Chart colors in different places
of the same color spot to compare their uniformity.
The mean delta "E" for the readings made from the NBS
check plaque was 0.870 with a standard deviation of 0.077.
The mean delta "E" for the readings of the same color solid
in different places was 1.79 with a standard deviation of 0.85.
This information suggests the majority of the precision error
is attributable to position error when making the replicate
readings.
Department of Transportation Tolerance Chart Study
Three Department of Transportation tolerance charts were
measured with a Beckman Dk-2a spectrophotometer. The three
charts, red, green and blue series each had a central or stan
dard color and twelve color limits. Ordinates were selected
from the curves at ten nanometer increments, producing thirty-
six ordinates. A matrix of thirty-six by thirteen was than
constructed for each color. Each matrix was then subjected to
the Eigenvector analysis.
Table 2 shows the results in terms of percent explainable
for the first three vectors extracted from the matrix of spec-
trophotometric curves. It can be seen from Table 2, after
three vectors are extracted from the matrix, the total explain-
Table 2
RESULTS OF THE EIGENVECTOR ANALYSIS
32
1st Vector
Red Data Green Data Blue Data All Data
Percent
































able is 95 percent or better for each of the colors. From this
it is possible to conclude the individual sets of curves are
similar to the other color tolerance curves. It should be
pointed out, the percent explainable attributed to the first
vector for all colors is similar for red and green but very dif
ferent for the blue series. This might be attributed to the
difference in the colors themselves.
After the Eigenvector analysis was performed on the indi
vidual color sets, all the data was put together forming a
matrix of thirty-nine by thirty-six. The results of this an
alysis is also present in Table 2. It is interesting to note,





The study of the Allen Chart color tolerances was inform
ative and produced answers to the hypotheses stated in the
introductory chapter. By observing the standard deviations for
the delta "E" values the reader can gain insight into the
quality of the tolerances with respect to one another. The
standard deviations are quite high. However, this is to be ex
pected since the 505 samples represent perhaps a dozen package
printing customers. Each customer, package and color is very
different and so are their allowed tolerances. The relation
ships did fit well and averaged about five and three-quarter
delta
"E"
units for all samples and tolerances.
The spot color samples seemed to have lower delta
"E"
values suggesting the tolerance charts are more suited to spot
color printing than overprint color.
The hue component of the
overprint color samples was expected to be greater than spot
colors, since overprint
colors have a greater probability of
hue shifting. Table 1 shows this relationship is true.
The relationships between the standard colors and their
light and dark limits are interesting; for example, the light
35
versus standard, 95 of the light tolerances were darker than
the standard color. For the dark versus standard, 100 of the
dark tolerances were lighter than the standard color. This
suggests the Allen Chart should be more carefully constructed,
to effectively be used as a true tolerance chart.
Theoretically, the colors should change only in lightness
since their tolerances are labeled light and dark. However,
as Table 1 shows, hue and chroma changes are also present. In
fact, none of the attributes of color dominated the delta
"E"
values. The study indicates the tolerances do not lie in the
same line as the standard color, consequently the user of the
Allen Chart should either include tolerances for hue and chroma,
or should realize the tolerances are not simply changes in
lightness.
Chroma changes are interesting, for example, Table 1 shows
both the light and dark tolerances can become more saturated
and less saturated than the standard color. However, the light
tolerance has a greater frequency of decreasing saturation,
while the dark tolerance has a higher frequency of increasing
saturation. Expressing this numerically; 37 percent of the time
the light tolerance increases in saturation, while 63 percent
of the time it decreases in saturation. Almost oppositely, 41
percent of the time the dark tolerance decreases in saturation,
while 59 percent of the time it increases in saturation. These
relationships were similar for the spot and overprint color
segments of the samples.
Statistically the study suggests the tolerance allowed for
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the dark versus standard tolerance averages about 0.85 delta
"E"
units less than the tolerance allowed for the light versus
standard tolerance for all samples. This relationship was true
for almost all hue angles, chroma, lightness, spot and over
print colors and even for most of the components of the delta
"E's". However, the experimental error of 1.2 delta "E" units
makes this relationship difficult to accept as a general rule
for Allen Chart Tolerances.
The study suggests the most often used colors in
package printing are reds, red-oranges, yellows, cyan-blues
and magneta reds; very few greens and green-yellows being
used. This can be seen graphically in Figure 3.
Comparing the results of the study with the literature
reviewed in Chapter II is difficult since they are different
studies intended to provide a background for this study. How
ever, some interesting correlations can be drawn.
Pobboravsky' si article about the variability of colors
in a three color system provided a background into the method
and extent of color variation on a printing press. The re
sults of this study seem to confirm the change allowed in a
color system is not one dimensional, just as the varibility
of color on a printing press is not one dimensional.
Subt and
Davis'
work with the amount of allowed varia-
1Pobboravsky, A Simplified Method of Setting Variability
Limits of a Three-Color System
2Subt and Davis, Measurement of Color Differences
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bility with paper colors was reviewed to help compare the
results. The amount of allowed change in terms of delta
"E"
units for paper colors was comparable with the results of
this study; however, different color difference formulas were
used, making it difficult to compare the results directly.
Subt and Davis concluded no direct correlation existed between
the visually allowed tolerances and the color difference num
bers. This study tends to suggest the average allowed toler
ance is about six delta "E" units; however it is difficult to
compare paper color tolerances with package printing color
tolerances. It is also important to consider the experimental
error of this study of approximately 1.2 delta
"E"
units when
comparing the light and dark tolerances and the spot and over
print delta "E"s. With this in mind most of the delta "E"
values, for all intent and purposes are quite similar.
Most attempts to construct mathematical models of color
are essentially three dimensional, suggesting color is best
described by three attributes. This three dimensionality
of color seems well suited and a best approximation of reality.
The Allen Tolerance Chart is labeled to treat the allowance of
color change in one dimensional space. This study indicates
this is probably a poor method to try to represent the allowed
limits of a color on a one dimensional basis, while the color
is varying in three dimensions.
Seldom do the tolerances lie
in a single color dimension, even with spot color printing.
The Allen Chart, when used properly, can provide a great
amount of information to the printer about the acceptability
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limits of his customers. However, the Allen Chart is also a
tool, which when misused or misunderstood by the printer or
printing customer can have disastrous results, and really
represents quite poorly the tolerance limits of a color.
Department of Transportation Tolerance Chart Study
The purpose of performing the Eigenvector analysis on
the Department of Transportation Tolerance Charts was to
determine if the Eigenvector analysis was suitable to use in
comparing families of curves. As Table 2 shows, the percent
explainable associated with the first vector extracted from
each of the color matrices, suggests the green and red family
of curves are similar, but not the blue. Essentially this
means the families of curves are not all similar, but the
Eigenvector analysis is a useful method of comparing families
of curves. The Eigenvector analysis is such that it is only
fair to compare the percent explainable associated with the
first two vectors extracted, since any matrix will approach
99 percent explainable after three vectors are extracted.
Probably the most useful aspect of the Eigenvector anal
ysis is its ability to reconstruct the original data matrix.
For instance when applied to all the data, it is possible to
reconstitute the entire thirty-nine by thirty-six data matrix
by using the four vectors
extracted by the computer program,
their corresponding scalar
multiples and the mean data vector,
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To test the accuracy of the curve reconstitution the
original blue central color curve was compared to its recon
stituted counterpart. By subtracting the difference, ordinate
by ordinate and determining the mean and standard deviation
of the differences, it is possible to test the accuracy of the
Eigenvector analysis. The mean difference between the original
blue curve and its reconstituted counterpart was 0.0049, with
a standard deviation of 0.0055. From this information it is
possible to conclude the Eigenvector analysis is quite accurate.
The concept of reconstitution of the data matrix is par
ticularly useful in terms of computers. It would be possible
to store only the minimal amount of data, yet with a high
degree of accuracy be able to reconstitute all or part of the
matrix very quickly.
Areas of Further Research and Study
Both the Allen Chart and the Department of Transportation
Tolerance Chart studies could be further researched to deter
mine practical application of the results of their respective
studies. For example it would be interesting to set some
actual tolerances using the information gained in the Allen
Chart study to see how they would compare with a printing cus
tomer's chosen tolerances.
Another area of study would be to investigate why the light
tolerance of the Allen Chart tends to be desaturated compared
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to the standard color and the dark tolerance is often more
saturated than the standard color. Finally, it would be inter
esting to make more measurements in those areas where the hue




EQUATIONS USED IN THE STUDY












DB = Blue Filter Density




















For use with the small spot colorimeter.
42
APPENDIX A (continued)
3. CLE. L*, a*, b* (continued)
where,
X, Y, Z = Tri-Stimulus values of the samples,
XQ, YQ, ZQ
= Tri-Stimulus values of the measuring
light source.
(Graphic Arts Dcqqq light source: X
= 96.375,
Y = 100.00, Z = 82.409.














= Values for first sampje.
L*2s a*2* ^*2
~ Values for second sample,



















C = Chroma value of first sample.
C = Chroma value of second sample.








where, Y = Y Tri-Stimulus Value of sample
YQ






where, L*<, = Lightness of first sample.
L*2
= Lightness of second sample.
AL* = Lightness difference between
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Figure 10a. All Samples, Delta Hue by Lightness
o = Mean a= Standard Deviation
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Figure 10b. Spot Color Samples, Delta Hue by Lightness
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Figure 10c. Overprint Color Samples, Delta Hue by Lightness








































-J L- I I I 1
2 4 6 8
A H,a*,b*


































































o <-- < o







































































































































































































































































































































































































































- - 0 o
TO
























O 0- o o
oti - - OO LO
p LO
co
oo - - <>





15. Oo - - ti o
rH LO
1 1 1 1 1
*
r- '




































OO - - O
C ti - -ti o
o < - -ti
oti - - oo


















































































































0 A - AO
O A










































Figure 13a. All Samples, Delta Chroma by Lightness
o = Mean a= Standard Deviation
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Figure 14a. All Samples, Delta Chroma by Chroma
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Figure 13b. Spot Color Samples, Delta Chroma by Lightness
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Figure 14b. Spot Color Samples, Delta Chroma by Chroma



















a. - - A O
O A - - AO
O A - >
OA- - Ao
c*. - - AO
O A 0 A


































I i i i ... i




Figure 13c. Overprint Color Samples, Delta Chroma by Lightness



























































Figure 14c. Overprint Color Samples,
Delta CiroffiH by Chroma
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Figure 17a. Ml Samples, Delta Lightness by Chroma
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Figure 16b. Spot Color Samples, Delta Lightness by Lightness
o= Mean A == Standard Deviati on
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Figure 17b. Spot Color Samples, Delta Lightness by Chroma




























































Figure 16c. Overprint Color Samples, Delta Lightness by Lightness


















































Figure 17c. Overprint Samples, Delta Lightness by Lightness
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